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Abstract Agriculture is a main contributor of diffuse
emissions of N and P to the environment. For N the main
loss pathways are NH3-volatilization, leaching to
ground and surface water and N2(O) emissions. Cur-
rently, imposing restraints on farm inputs are used as
policy tool to decrease N and P leaching to ground water
and to surface water, and the same measure is suggested
to combat emissions of N2O. The response, however, to
these measures largely depends on the soil type. In this
study nutrient flows of three dairy farms in The
Netherlands with comparable intensity on sand, peat
and clay soils were monitored for at least 2 years. The
first aim was to provide quantitative data on current
nutrient loss pathways. The second aim was to explore
the responses in partitioning of the nutrient loss
pathways when farm inputs were altered. Mean deni-
trification rates ranged from 103 kg N ha-1 year-1 for
the sandy soil to 170 kg N ha-1 year-1 for the peat soil
and leaching to surface water was about 73 kg N ha-1
year-1 for the sandy soil, 15 kg N ha-1 year-1 for the
clay soil and 38 kg N ha-1 year-1 for the peat soil. For
P, leaching to surface water ranged from 2 kg P ha-1
year-1 for the sandy site to 5 kg P ha-1 year-1 for the
peat site. The sandy soil was most responsive to changes
in N surpluses on leaching to surface water, followed by
the peat soil and least responsive was the clay soil. For P,
a similar sequence was found. This article demonstrates
that similar reductions of N and P inputs result in
different responses in N and P loss pathways for
different soil types. These differences should be taken
into account when evaluating measures to improve
environmental performance of (dairy) farms.
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Introduction
Agriculture is a main contributor of diffuse loads of
N and P to the environment (Tilman et al. 2001). In
industrialized countries all agricultural practices cope
with a certain nutrient surplus on farms, i.e. imported
nutrients exceed export (OECD 2001; Slak et al.
1998). In The Netherlands about 75% of the national
manure production is allocated to dairy farming and
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surpluses leave the agricultural system via several
loss pathways. For N, the most important loss
pathways are leaching to ground and surface water,
emission of N2 and N2O and NH3 volatilization.
Compared to N, P is strongly bound to the soil solid
phase and in soils with a low P-status the main loss
pathways for P are direct losses of manure, fertilizer
and/or soil to surface water by runoff, erosion and/or
preferential flow. In soils with a higher P status
leaching losses increase with an increasing amount of
adsorbed P and may pass through the soil matrix and
drain pipes (Schoumans and Groenendijk 2000).
Of all industrialized countries The Netherlands cope
with the highest nutrient surpluses in agriculture
(OECD 2001). Notably, in 1995 agriculture accounted
for 93% of the national NH3 emissions and 42% of the
national N2O emission (Olsthoorn and Fong 1998),
while agriculture accounted for 68% of the N and 49%
of the P loading of surface water in 2000 (RIVM 2002).
Between 1998 and 2005 the Dutch government com-
bated the excessive use and production of nutrients by
setting maximum farm surpluses for N and P. This
approach, however, was abandoned in 2006 under
pressure of the EU as it did not meet with the
requirements of the nitrate directive and was replaced
by input maxima. The same measure, i.e. reducing N
inputs, is suggested to combat emissions of N2O
(Oenema et al. 2001). At this moment the maximum
allowable inputs of N are set at 345 kg N ha-1 year-1
for clay soils and 290 kg N ha-1 year-1 for sand and
peat soils, of which at most 170 kg N ha-1 year-1
may originate from manure. For farms with more than
70% grassland (as is the case for the three experimental
farms of this study) derogation to EU legislation is
applied and applications via manure may add up to
250 kg N ha-1 year-1. For P, a total maximum appli-
cation of 48 kg P ha-1 year-1 is allowed in 2006 and
is due to decrease to 41 kg P ha-1 year-1 in 2008
(LNV 2006). A further reduction in P application,
leading to equilibrium between P supply and P uptake,
is foreseen in 2015.
The reduction of N and P inputs at farm level as a
measure to reduce environmental losses implies a
relationship between N and P inputs and N and P
losses to the environment. In simple models such a
relation is often assumed linear for certain soil types
and environmental conditions (e.g. De Vries et al.
2001), but this is not always the case. For example, the
relation between denitrification rates and soil NO3
contents (which is often related to N surplus) is
generally described by a first-order process that runs
asymptotically to the maximum possible denitrifica-
tion rate under field conditions (He´nault and Germon
2000). When net changes in soil storage are small,
leaching can be considered as the complement of
denitrification and hence is also non-linearly related to
the N surplus, which was confirmed experimentally by
Fried et al. (1976) and Barraclough et al. (1992).
Therefore, we expect that the relations between N
surplus and leaching and between N surplus and
denitrification are not proportional, but instead are
shaped like in Fig. 1. Figure 1 shows an increasing
response of leaching on changes in N surpluses when
N surpluses increase, and the opposite for the relation
between N surplus and denitrification. For P, a similar
relation was assumed. An increase or decrease in the P
surplus will lead to a certain change in the amount of P
bound to the soil solid phase. The binding of P to the
soil by sorption has a comparable shape as the
denitrification curve presented in Fig. 1 (Van der Zee
and Van Riemsdijk 1988). At relatively low P status a
change in the amount of adsorbed P will lead to a
small change in the soil solution concentrations and
little losses to surface water, whereas at relatively
high P status a similar change in adsorbed P will lead
to a much larger change in P concentrations and
subsequently in leaching losses.
In this article we assess the relation between N and
P inputs and N and P surpluses on the partitioning
over environmental loss pathways, i.e. leaching,
denitrification and P sorption for three different soil
types on dairy farms. The aims of this paper are to (i)
experimentally quantify nutrient flows in grazed
grassland and (ii) evaluate the effect of decreasing
N
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Leaching
Denitrification
net N surplus
Fig. 1 Conceptual partitioning of N loss pathways over
denitrification and leaching
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N and P inputs on changes in environmental nutrient
losses. To achieve these aims we collected field data
and performed several experiments for three grazed
grassland on different soil types.
Material and methods
The three sites were located in den Pol (sand),
Waardenburg (clay) and Vlietpolder (peat) in The
Netherlands. In Table 1 a brief overview of the 3 sites
is presented. To reduce the number of nutrient loss
pathways the sites were selected on limited exchange
with groundwater and main emphasis was given to
leaching to surface water, N losses due to denitrifi-
cation and P storage due to sorption. For all locations
a dead-end ditch was selected and one or two
neighboring fields, draining on the selected ditch,
for on-site experiments. For organizational reasons
measurements were performed from 1999 to 2001 for
Den Pol, from 1999 to 2002 for the Vlietpolder and
from 2002 to 2005 for Waardenburg. Of these years,
2003 was extremely warm and dry, while the rest of
the years were somewhat warmer and wetter com-
pared to the long term average data (www.knmi.nl).
Some results of the individual sites were previously
published, but in this study the results are brought
together to study the effect of soil type on the parti-
tioning of N and P surpluses at field level.
Site description
Den Pol is situated at the eastern border of The
Netherlands (52190N; 6370E) and the soil consists
of non-calcareous sands (Table 1). Since 1991 the
field has been in use for grassland for yearlings and
silage. Before 1991 maize was grown occasionally.
The ditch is free-draining and dries up periodically in
summer. About 3.5 m below the surface, a confining
loam layer prevents exchange of water and solutes
with deeper groundwater. The sandy topsoil was well
to intermediately drain. In wet periods the field was
occasionally ponded and surface run-off occurred.
Location Waardenburg is situated in the centre of
The Netherlands (51500N; 5160E) on heavy clay
soil. The field was drained by tile-drains and trenches.
The trenches were about 50 9 50 cm (w 9 d) and
the distance between the trenches was about 46 m.
The tile drains were located in between the trenches
at about 80 cm below soil surface. Due to the low
permeability of the heavy clay there was no seepage
or groundwater recharge. The experimental field was
used for intensive dairy farming and the grass was
alternately mown and grazed.
The Vlietpolder is situated in a polder near Hoog-
made in the western part of The Netherlands (52100N;
4360E). The polder is approximately 200 ha in size
and about 2 m below mean sea level. In summer, when
there is shortage of water, water is let in the polder via
the inlet station. In winter, when there is excess of
water, water is pumped out of the polder at the pumping
station. The inlet station and the pumping station are
on two outer ends of the polder. One field used for
dairy farming was selected for intensive monitoring. In
this field the man-made topsoil (0–40 cm) consisted of
organic matter rich sandy clay. The subsoil consisted
of woody peat. At 3 m below soil surface a dense clay
layer prevented extensive groundwater recharge.
Monitoring program
All sites were intensively monitored on nutrient
fluxes to, through and from the fields. The monitoring
programs were, however, adjusted to local conditions
and are listed in Table 2. At the end of each ditch a
weir was placed with a flow meter connected to a
sampling device for flow proportional sampling (for
peat soil: MagMaster, ABB Instrumentation, Swit-
zerland; for clay soil and sand soil: ISCO 3220 flow
meter and ISCO 3700 sampler). Flow rates were
measured continuously and allowed for assessment of
both discharge and inlet rates of water and solutes.
For the clay site, discharge of both tile drains and
trenches were monitored separately. The outflow
from drains and trenches was led to small collectors
with a V-notch opening and discharge was monitored
continuously by measuring the water level in the
collectors, and samples were taken at fixed discharge
intervals (0.12 mm). For all sites discharge samples
from the ditch were collected every 0.10–0.25 mm of
through-flow and stored dark and cold (5C) until
analysis (within 1 week).
Denitrification rates were measured using the
Acetylene Inhibition Technique (AIT; Mosier and
Klemedtsson 1994). Briefly, 1–10% acetylene (C2H2)
inhibits the reduction of N2O to N2 and consequently
the N2O production from soil in an atmosphere
containing C2H2 is a measure for the N2 ? N2O
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production through denitrification. We replaced 7%
of the gas phase of the incubation containers by
C2H2. Concentrations of N2O in the incubation
containers were measured at least twice within
8–24 h by a Brue¨l and Kjaer 1312 multi-gas monitor
with a photo acoustic infrared gas analyzer (TGA).
Potential denitrification rates, defined as the denitri-
fication rate under anaerobic conditions with
abundant NO3 at 20C (Bijay-Singh et al. 1989),
were measured at least once at each location.
Volatilization of NH3 was estimated at 5% of the
total application of manure and cattle droppings
(Misselbrook et al. 2000; Bussink 1994).
Surface run-off from field to surface water was
assessed using experimental data from catchment
plates and simple balance models for the peat soil
Table 1 Brief description of sampling sites
den Pol Waardenburg Vlietpolder
Soil type Sand Clay Peat
Sand (%) 87 3 15
Clay (%) 1 40 10
Loam (%) 12 57 75
Organic matter (%) 4.0 5.4 20
pH 5.5a 6.7b 5.0b
Bulk density (kg m-3) 1357 1500 925
Drainage condition Good to intermediate Poor (presence of tile drains) Poor
Ditch Free draining Free draining Fixed surface water levels
Agriculture Grazing of yearlings and silage Grazing of lactating cows and silage Grazing of lactating cows and silage
Precipitation (mm) 920 (2001), 847 (2001) 645 (2003), 869 (2004) 861 (2000), 1215 (2001)
Fertilization Cattle droppings, manure CAN, manure, cattle droppings CAN, manure, cattle droppings
Soil characteristics refer to upper 20 cm
a pH—KCl
b pH—H2O
Table 2 Brief descriptions of experiments performed on each location, ‘x’ denotes presence of experiment, ‘–’ denotes absence of
experiment
Experiment Sand Clay Peat Remark
Discharge of water and solutes
of experimental ditch to
higher water body
x x x A dead-end ditch was sampled flow
proportional using V-partitions
Discharge of water and solutes
to ditch
– x – Flow proportional sampling of tile-drains
(no tile drains were present on sand and
peat)
Surface run-off Catchment plates
and simulation
modeling
Flow proportional
sampling of
trenches
Catchment
plates
Methods were adjusted to local conditions
Mineralization of soil organic
matter
Incubation of soil
cores
Incubation of soil
cores and
balance method
Application
of zero-
field
Methods were adjusted to local conditions,
but were only part of soil balance for
peat soil (see text)
Denitrification (replicates
year-1)
4 12 12 Using AIT (see text)
Composition soil solution x – x Porous suction cups
Composition groundwater x x x Groundwater wells
P sorption characteristics x x x Incubation studies on P kinetics at different
P concentrations
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(Van Beek et al. 2003a), catchment plates and
complex simulations for the sand soil (Torenbeek
and Voskamp 2003), and direct measurements from
shallow trenches for the clay soil (Van der Salm et al.
2006). Surface run-off, including both overland flow,
subsurface flow (0–10 cm) and discharge by trenches,
was estimated at 12, 67 and 8% of the total discharge
of water to the surface water for the sand, clay and
peat soil, respectively (Table 3).
To get insight in the fate of P in soil, the degree of
P saturation (DPS), sorption characteristics and the
amount of reversible bound P for the soil profiles at
the three sites were determined. Samples were
collected at the three sites up to a depth of at least
40 cm. The thickness of the soil layers ranged from
5 cm in the topsoil of the sandy site to 40 cm at the
clay site. The DPS was derived from dividing the
amount of sorbed P in the soil above the highest
groundwater table by the P sorption capacity (PSC) of
the soil according to Schoumans and Groenendijk
(2000). The P sorption capacity was calculated by:
PSC ¼ 0:5 Alox þ Feoxð Þ ð1Þ
in which Alox and Feox are the amounts of oxalate
extractable Al and Fe, respectively. Both the Alox and
Feox and the amount of sorbed P were determined by
extraction with NH4-oxalate (Schwertmann 1964).
The DPS in the upper 40 cm of the soil profile
equaled 37% for the sand soil, 7% for the clay soil
and 15% for the peat soil (Table 3).
The reversible sorption and desorption of P can be
described by a Langmuir equation according to:
Q ¼ KcbðAlox þ FeoxÞ
1 þ Kc ð2Þ
in which Q is the amount of reversible bound P
(mmol kg-1), c is P concentration in the soil solution
(mmol m-3), b (-) is the maximum amount of P
bound to Al and Fe oxides and K is the adsorption
constant (m3 mol-1). The parameters K and b were
determined by measuring Q at different equilibrium
concentrations. Samples were loaded with different
amounts of P by shaking the samples in a solution
(1:66.6 w:v) with P concentrations ranging from 0 to
150 mg l-1 for a period of 7 days to obtain samples
with a range in equilibrium concentrations. The
solution had a background concentration of 0.005 M
CaCl2 and 0.005 M KCl. At the end of this period the
suspensions were filtered over 0.45 lm and the
residue on the filters was rinsed with 100 ml of a
60% ethanol solution. Samples were air dried. The
amount of reversible bound P (Q) in the dried
samples was determined by extraction with FeO-strip
method (Menon et al. 1989) for a period of 192 h.
For each sample the equilibrium concentration was
determined in a 1:4 (w:v) suspension of a mixture of
CaCl2 and KCl and shaking for 7 days. After 7 days
the suspensions were centrifuged (10 min at 1500g)
and filtrated over 0.45 lm. Total P concentration was
measured using an Inductively Coupled Plasma-
Atomic Emission Spectrometer.
Soil system balances were constructed for the
three sites and were delineated by the approximate
rooting depth, soil surface and surface water. Soil
surface balances of N and P were defined as the N
and P surpluses due to agricultural activities cor-
rected for NH3 volatilization. Volatilization of NH3 is
a very fast loss pathway (Lockyer and Whitehead
1990) and therefore has little interaction with soil.
Table 3 Potential denitrification, discharge to surface water
and P saturation for each location (±standard deviation)
Sand Clay Peat
Potential denitrification
0–20 cm (kg/ha/d)a
4–8 40 ± 10b 27 ± 19c
Discharge to surface
water (%)d
Qsurface 12 67 8
Qshallow 4 32 61
Qdeep 84 – 31
DPS (%)e 37 7 15
Alox (mmol kg
-1) 65 59 144
Feox (mmol kg
-1) 8 172 209
Langmuir adsorption
constant (K)
0.37 0.11 0.18
Maximum amount of
P reversible bound to
Al and Fe (b) (-)
0.21 0.09 0.19
Results refer to upper 40 cm, unless stated otherwise
a Samples were taken once (peat and sand) or monthly (clay)
b Mean value of monthly measurements
c Mean value of spatial replicates
d Qsurface = Run-off, matrix flow (0–10 cm), trenches;
Qshallow = Matrix flow (10–70 cm) and drains,
Qdeep = matrix flow ([70 cm)
e DPS = Pox/(0.5 9 (Al ? Feox))
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For the peat soil mineralization was added as a
balance term because of the ongoing decline of C, N
and P stocks in peat soils and was determined using
so-called zero-plots (Van Beek et al. 2004).
Run-off may also have limited interaction with the
soil, but this is not necessarily so, as e.g. dung
patches may be prone to run-off long after they were
applied (Chardon et al. 2007). Therefore, the N
surplus was not corrected for surface run-off. Fields
were visually checked for N fixing legumes, which
were generally absent and consequently biological N
fixation was ignored. Details on measurements and
interpretation of data are provided in Van Beek et al.
(2003b, 2004), Van der Salm et al. (2006) and
Torenbeek and Voskamp (2003) and some key results
are presented in Table 3.
Uncertainties in balance terms arise from experi-
mental noise (e.g. due to noise in equipment), spatial
variability due to differences in management strate-
gies and field conditions and temporal variability due
to differences in meteorological conditions. For the
current study the spatial variability was of most
interest, because it provides information about the
representativeness of the sites. However, spatial
variability of balance terms demands for examination
of multiple fields. The examination of multiple fields
was only possible for the peat site, because of its
situation in a polder. In this polder 65 fields had
comparable water management, land-use and soil
management (Van Beek et al. 2003b). Therefore,
standard deviations are given for the peat site.
Uncertainties in soil system balances due to temporal
variability and experimental noise ranged from 2%
for fertilizer application to 14% for the slurry
application for N (Van der Salm et al. 2007). For P,
comparable ranges of uncertainties in balance terms
were assumed.
Partitioning of surpluses
To partition the surpluses over different loss path-
ways, the relations shown in Fig. 1 were quantified
using mathematical functions for each site. The non-
linear relationship between N surplus (x0, kg ha-1
year-1) and leaching (XL, kg ha
-1year-1) was visu-
alized by (Van Beek et al. 2003b):
XL ¼ 1a ln 1 þ e
aðx0bÞ
 
ð3Þ
where a is a curve shape parameter (year ha kg-1)
and b is the denitrification capacity (kg ha-1 year-1).
The denitrification capacity was defined as the annual
denitrification at prevailing temperatures and soil
water contents, but with ample NO3 (Koops et al.
1996) and was estimated from the potential denitri-
fication using a reduction factor for limitations due to
temperature and soil moisture (fTfS). We used fTfS of
0.10 for the clay soil, 0.15 for the peat soil and 0.05
for the sandy soil (Heinen 2006; Van der Salm et al.
2007), because conditions for denitrification were
most favorable for the peat soil (high organic matter
content, shallow groundwater), followed by the clay
soil (high availability of anaerobic micro-sites) and
were least favorable for the sandy soil.
Considering leaching (XL, kg ha
-1 year-1) being
the complement of denitrification (XD) when changes
in soil storage are limited, the following equation is
valid:
XL þ XD ¼ x0 ð4Þ
where x0 is the net field N surplus.
For mineral P similar graphs were constructed
based on the sorption of P to the soil solid phase.
Leaching (XL) of P was estimated by multiplying the
precipitation surplus (PS, m) with the soil solution
concentration and Eq. 2 was rewritten to:
XL ¼ PS
Q þ cx0qL e
K Qm  Q þ cx0qL e
   ð5Þ
in which c is the fraction of the P surplus which is
reversible bound, x0 is the net field P surplus (kg ha-1
year-1), q is the bulk density (kg m-3), L is the
thickness of the layer over which the P surplus is
distributed (m), e is a conversion factor (100/31). PS
equaled the long term average precipitation surplus of
300 mm year-1. As Q is relatively large compared to
the surplus, changes in XL on an annual basis were
small. Therefore, the constant c could not be estimated
from the annual P budgets, but was derived from the
measured amount of reversible bound P and total
sorbed P, assuming a constant ratio between reversible
sorbed P and total soil P. XL was calculated for a
homogeneous soil layer of 30 cm and for a period of
10 years of exposure to a certain P surplus. The
partitioning of P surpluses was regarded as an explo-
ration of long-term effects of alternating P surpluses.
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Results
Nutrient balances
The soil surface balances equaled 207, 129 and
338 kg N ha-1 year-1 for the sand, clay and peat
site, respectively. Fertilizer and manure were major
inputs, and grass harvest for silage production was
the major output of N (Table 4). For P, soil surface
balances equaled 20, 21 and 14 kg P ha-1 year-1 for
the sand, clay and peat site, respectively (Table 5).
Emission of N2(O) was the major loss pathway for all
sites and soil system balances equaled 15, -38 and
117 kg N ha-1 year-1 for the sand, clay and peat
site, respectively. Standard deviations of all balance
entries of the peat soil were high and often exceeded
50%, which was predominantly caused by the uneven
distributions of cattle droppings and manure applica-
tions over fields (Van Beek et al. 2003b) and were
presumably valid for all sites.
Nutrient loss pathways
Denitrification rates ranged between 103 and
170 kg N ha-1 year-1 and were highest for the peat
soil and lowest for the sand soil. Leaching to surface
water ranged between 15 kg N ha-1 year-1 at the
clay site and 73 kg N ha-1 year-1 at the sand site
(Table 4). For P this sequence was opposite with
highest losses for the peat site (5 kg P ha-1 year-1)
and lowest losses for the sand and clay sites (2 and
3 kg P ha-1 year-1 respectively, Table 5). Thereby
Table 4 N soil system
balance for each soil type
(kg ha-1year-1)
For peat soil standard
deviations are provided
(see text)
Sand Clay Peat
IN Fertilizer 143 153 184 ± 46
Manure 238 306 148 ± 79
Cattle droppings 76 26 120 ± 86
Atmospheric deposition 44 34 31
Net mineralization of peat soil – – 242 ± 19
OUT Grazing -93 -58 -190 ± 125
Silage -201 -332 -197 ± 86
Surplus 207 129 338 ± 117
N2(O) emission (denitrification) -103 -135 -170
Leaching to groundwater 0 0 0
Leaching to surface water -73 -15 -38
NH3 volatilization -16 -17 -13
Sum of loss pathways -192 -167 -221
Surplus - Sum of loss pathways 15 -38 117
Table 5 P soil system
balance for each soil type
(kg ha-1year-1)
For peat soil standard
deviations are provided
(see text)
Sand Clay Peat
IN Fertilizer 0 24 10 ± 9
Manure 32 52 20 ± 12
Cattle droppings 8 1 11 ± 8
Net mineralization of peat soil – – 10
OUT Grazing -6 -7 -17 ± 13
Silage -14 -49 -20 ± 8
Surplus 20 21 14
Leaching to groundwater 0 0 0
Leaching to surface water -2 -3 -5
Sum of loss pathways -2 -3 -5
Surplus - sum of loss pathways 18 18 9
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leaching losses accounted for 3% (clay) to 16%
(sand) of the agricultural N and P inputs (i.e. inputs
via fertilizer, manure and cattle droppings). The
relative partitioning of the N surpluses over N loss
pathways is shown in Fig. 2 and demonstrates that for
the sand site total losses about equaled the surplus on
the soil surface balance (i.e. the surplus of the soil
system balance was about zero). However, for the
clay soil loss pathways exceeded the surplus of the
soil surface balance, whereas for the peat soil the loss
pathways accounted for about 65% of the surplus.
The over- and under-partitioning of surpluses were
presumably caused by the release of N from past
fertilization (clay) and by overestimation of mineral-
ization rates (peat). The relative partitioning of the P
surpluses over P loss pathways is shown in Fig. 3. For
P, only leaching could be quantified at field level and
accounted for 10–36% of the surplus of the soil
surface balance. The remained of the surplus was
supposed to be stored in soil.
Partitioning of surpluses
The denitrification capacities were estimated at
1478 kg N ha-1 year-1 for the peat soil, 1460 kg
N ha-1 year-1 for the clay soil and 110 kg N ha-1
year-1 for the sandy soil. With the Eqs. 3 and 4 and
the data provided in Table 4 the curves of Fig. 1 were
parameterized by optimizing a to a minimal sum of
squares of experimental findings on leaching and
denitrification at the prevailing N surpluses. Subse-
quently, Fig. 1 was drawn for each soil type and the
present situation was pointed out in Fig. 4. The curve
shape parameters a were 1.21, 0.0025 and 0.0020 for
the sand, clay and peat soil respectively. Figure 4
shows very different curves especially for the sand
soil versus the clay and peat soil. The intersection
between leaching (XL) and denitrification (XD) was
reached at an N surplus of 220 kg N ha-1 year-1 for
the sandy soil. For the clay and peat soil this point of
intersection was far beyond the (realistic) range of net
N surpluses ([800 kg N ha-1 year-1). Apparently,
for the peat soil at small N surpluses immobilization
of N occurs, as at low N surpluses negative N losses
occurred, while leaching set-off at about 25 kg
N ha-1 year-1, which is in reasonable agreement
with reported background loads to surface waters in
peat soils (Hendriks 1993).
Using Eq. 5 and the data in Table 5 similar figures
were constructed for P leaching and P storage. The
constant c was found to be 0.005 for the peat and clay
soils and 0.01 for the sandy soil. Differences in c
reflect differences in sorption characteristics and
historic manure use. The amount of reversible stored
P was related to the parameters b and K which
decreased in the order sand [ peat [ clay. In all
cases P leaching was much lower compared to the
storage of P in soil. For all sites P leaching increased
more rapidly per unit of change in P surplus at higher
P surpluses (Fig. 5).
Discussion
In The Netherlands agricultural production is gener-
ally very intensive, with high inputs of N and P
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through fertilizers and manure, but also with high
yields. In our study 10–35% of the N surplus (Fig. 2)
and 3–19% of the N inputs via fertilizer and manure
was lost to surface water via leaching. These figures
are comparable to results obtained from Northern
Ireland (Watson and Foy 2001), but are below results
obtained from Lithuania (Buciene` et al. 2003). In The
Netherlands inputs of N and P to surface water have
decreased considerably since the 1980s, but the
improvement of water quality lacks behind. As an
explanation of this retardation Oenema et al. (2005)
mentioned the contribution of other nutrient sources
(e.g. rivers and seepage), but to our vision also the
non-linear relation between inputs and losses may
contribute to the uneven improvement of water
quality among regions.
The N and P losses to surface water (Tables 4, 5)
include both leaching through the soil matrix as well
as superficial losses by run-off (including interflow
through the uppermost part of the topsoil and
leaching through trenches). In the clay soil superficial
losses occurred through the trenches, which could be
measured accurately. In the peat soil and the sandy
soil superficial losses were measured using catchment
plates. Accurate measurement of discharge by means
of these plates is difficult due to methodological
complexities and due to spatial variability as a
consequence of the development of preferential flow
pathways during high run-off events. Run-off losses
were thus estimated using average measured concen-
trations and modeled fluxes leading to rather rough
estimates of the N and P loads by run-off. In most
cases the estimated contribution of run-off to the
leaching of N and P was relatively small (\15%),
except for P run-off losses for the sandy soil which
equaled 88% of the total P-loss. This is a quite
remarkable result as the permeability of the sandy
soil was high and superficial transport of water was
the lowest of the three sites (Tables 1, 3). Detailed
assessment of this phenomenon demands for
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additional research and is beyond the scope of this
study. Equilibrium P concentrations in soil solution
of the peat and sand soil were about comparable
(0.6 mg P l-1 in the upper 10 cm to 0.2 mg P l-1 at
30 cm depth, not shown). Apparently, for the sand
soil the higher DPS was largely compensated by the
higher adsorption constant K compared to the peat
soil (Table 3). Regarding soil properties the risks for
leaching were lowest for the clay soil due to a low
DPS combined with an intermediate adsorption
constant leading to relatively low soil solution
concentrations (0.1 mg P l-1, not shown) in the
topsoil.
Quantification of nutrient fluxes
There are only few studies on experimentally quan-
tified flows of nutrients in (and through) grazed
grasslands (Jarvis 1992). Also, differences in soil
type and hydrological conditions complicate the
comparison of our results with those observed by
others. However, for denitrification our results were
high compared to others. For all sites denitrification
losses exceeded 100 kg N ha-1 year-1 (Table 4),
which is high for agricultural soils according to the
review of Barton et al. (1999). Presumably, the
relatively high denitrification losses for all soil types
were related to the relatively shallow groundwater
levels that are common throughout The Netherlands
and the relatively high N inputs.
Partitioning of nutrient surpluses
When surpluses are altered, not only the extent, but
also the partitioning over the various loss pathways of
the surplus changes. The sensitivity of nutrient loss
pathways is defined as the level of response of a loss
pathway on changes in surpluses (i.e. the steepness of
the curves in Figs. 1, 4, 5). Taking into account that
gaseous losses of N predominantly consisted of
denitrification (Table 4), the assessment of the sen-
sitivity of nutrient loss pathways was limited to
leaching to surface water and denitrification. The
results of Fig. 4 demonstrate that the impacts of
reducing N surpluses at farm level on reductions in N
loads to surface water are limited for the clay and
peat soil. For these soils, additional measures, e.g.
bufferstrips or artificial wetlands should be consid-
ered. For the sandy soil there seems to be more room
for improvement, because the sensitivity for leaching
was relatively high.
The relations between nutrient surpluses and
nutrient losses are theoretically curvi-linear as shown
in Fig. 1. In practice however they may look more
linear (Figs. 4, 5), depending on the curve shape
parameters. Also, there seems to be a ‘breaking point’
above which leaching rapidly increases (see e.g.
Fig. 4 for sand). This breaking point coincides more
or less with the denitrification capacity. The linear
character of N surpluses or N inputs and N losses was
also observed by Watson and Foy (2001) and hence,
within certain limits of N surpluses, a soil type
specific linear relation between N surpluses and N
losses can be considered. However, the relations
derived in this study remain conceptual until proven
with experimental data, which are, however, hard to
establish because of prolonged effects and because of
(partly) unpredictable experimental conditions.
The results shown in Fig. 5 indicate that changes
in P surpluses have the largest impact on P leaching
on the sandy soil, followed by peat soil and finally the
clay soil. This sequence is strongly influenced by the
values of the constant c which decreased from sand to
clay due to a decline in the fraction of reversible
bound P. Figure 5 provides a simplified impression of
effects of changes in P surpluses on P leaching. The
calculated P leaching at prevailing P surpluses was
lower than the measured total P leaching (Table 5).
Measured P leaching rates were 1.3 (sand), 3.4 (peat)
and 8.0 (clay) times the predicted rates (Table 5,
Fig. 5). Predicted leaching rates only considered
inorganic P whereas measured leaching rates refer
to total P. Measurements at the clay site showed that
total P leaching was twice the leaching of inorganic P
(Van der Salm et al. 2006). For the other sites only
total P losses were measured but based on literature
data for Dutch sites a factor of 2.0 to 2.5 may be
expected between inorganic P and total P for the
sandy soil and the peat soil (Chardon et al. 2007).
Apart of these differences in absolute magnitude of
the leaching fluxes the slope of the lines in Fig. 5 was
affected by the time period considered and P
application rate. Figure 5 was constructed assuming
a constant ratio between reversible bound P and total
sorbed P. On the short term changes in P surplus will
mainly influence the pool of reversible bound P and
accordingly the P concentrations and leaching fluxes.
On the long term surpluses will lead to a change in
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more strongly bound P forms as well. For example,
experiments to reduce P leaching by prolonged zero P
application showed that prolonged negative surpluses
will lead to a gradual decline in strongly bound P
forms (Koopmans et al. 2004; van der Salm et al.
2008)
The relations shown in Figs. 4 and 5 are unique for
each site, and depend on the denitrification capacity
of the soil for N and on the sorption characteristics of
the soil for P. However, also hydrological pathways
determine the potential for leaching. Losses of P from
the sandy site and the clay site were comparable
although the DPS was much higher for the sandy site
than for the clay site. Highest P losses were found at
the peat site, which had an intermediate DPS
(Table 3). These differences in P losses can be
explained by differences in sorption characteristics,
differences in hydrological pathways and differences
in the distribution of P within the soil profile between
the sites. The sandy site was quite deeply drained and
84% of the water discharge was through deeper soil
layers where the DPS was relatively low (Table 3).
At the clay site 67% of the discharge was by means of
drainage through trenches, coinciding with 75% of
the P losses to surface water. Also, for the clay site
high P losses were observed as a response to
incidental heavy rainfall following manure applica-
tion in early spring (Van der Salm et al. 2006). The
peat site had an intermediate position with a some-
what higher DPS and drainage through deeper soil
layers (Tables 3, 5). This intermediate position
contributes to the high P losses observed for the peat
soil. Another explanation for the relatively high
losses from the peat soil was the release of P from
eutrophic layers in the peat, contributing to about
50% of the total discharge. This contribution was not
part of the mineralization mentioned in Table 5,
because this methodology was related to the rooting
zone (i.e. upper soil layers; Van Beek et al. 2004).
Conclusions
Currently farm N and P inputs are reduced in order to,
amongst others, reduce N and P losses to surface
water. These measures are taken irrespective of soil
type. The results of this paper demonstrate that with
similar effort deviating results can be expected for
different soil types, based on differences in soil
properties. Reducing N and P inputs as measure to
reduce N and P leaching to surface water is likely to
be most effective on sandy soils. For clay and peat
soils hydrological conditions and high denitrification
capacities hamper the effectiveness of such measures.
For these soils additional measures should be
considered.
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